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ABSTRACT
Background and Objectives: The purpose of this study was to evaluate the relationship between myocardial strain and 
coronary flow reserve (CFR) in the prediction of myocardial functional recovery after acute myocardial infarction (AMI). 
Subjects and Methods: Consecutive patients with anterior ST elevation AMI were analyzed. Left ventricular (LV) strain, 
determined by 2-dimensional speckle tracking imaging and CFR, determined by intracoronary flow measurement, were 
obtained on the same day, 3-5 days after primary percutaneous coronary intervention. A-strain was defined as the mean 
systolic longitudinal strain of 11 LV segments (out of 18) assumed to be supplied by the left anterior descending coronary ar-
tery (LAD). Functional recovery was defined as improved wall motion >1 grade seen in at least 2 contiguous dysfunctional 
segments by echocardiography at the 6-month follow-up. Results: Of 20 patients, 8 patients had preserved CFR (>2.0) and 12 
patients had impaired CFR (≤2.0). There were no differences between the 2 CFR groups in LV ejection fractions and wall mo-
tion score indices in the LAD territory. However, A-strain was greater in patients with preserved CFR than in patients with 
impaired CFR (-6.4±2.0% vs. -4.6±1.4%, p=0.03). A-strain and CFR correlated well with each other (r=-0.49, p=0.03). Ten of 
20 patients showed functional recovery at 6 months. Of clinical and echocardiographic parameters, A-strain was the only pre-
dictor of recovery (odds ratio 2.02, 95% confidence interval=1.03-3.97, p=0.04). For predicting recovery, the sensitivity and spec-
ificity were 80.0% and 80.0%, respectively, for CFR (cutoff=1.60), and 60.0% and 90.0%, respectively, for A-strain (cutoff=-6.13%). 
Conclusion: Myocardial strain correlates well with the extent of microvascular integrity and can be used as a noninvasive meth-
od for predicting recovery after AMI. (Korean Circ J 2010;40:639-644) 
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Introduction
In patients with acute myocardial infarction (AMI), prima-
ry percutaneous coronary revascularization has been widely 
performed to achieve early myocardial tissue reperfusion. 
However, successful revascularization of the infarct-affected 
coronary artery does not necessarily guarantee adequate myo-
cardial salvage.
1)2) Myocardium reperfused by the patent in-
farct-affected coronary artery may remain akinetic because of 
transient stunning or persistent nonviability, even with succe-
ssful reperfusion therapy,
3) and the infarct core may undergo li-
mited reperfusion because of injury to the microvasculature 
and its subsequent obstruction. Therefore, it is difficult to pre-
dict whether reperfused myocardium will be viable until impro-
vement of regional wall motion is observed during follow-up.
Previous studies have suggested that coronary flow reserve 
(CFR) can be used to evaluate microvascular function and that 
it may also help in assessing myocardial viability. Consequent-
ly, it may predict additional recovery of left ventricular (LV) 
wall motion in patients after AMI.
4)5)
Recently-developed 2-dimensional speckle tracking (2DS) 
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imaging technology enables quantification of regional myo-
cardial function with high temporal resolution and without the 
tethering effects and angle dependence of Doppler measure-
ments.
6)7) Longitudinal myocardial strain measured immedi-
ately after reperfusion by percutaneous coronary intervention 
(PCI) has been shown to predict infarct size, LV remodeling, 
and adverse events in anterior wall AMI.
8)9) However, the clini-
cal relationship between myocardial strain and CFR in assess-
ing myocardial functional recovery after AMI has not been well 
studied. Therefore, the purpose of this study was to evaluate 
and compare measurements of myocardial strain and CFR as 
predictors of myocardial functional recovery after AMI in patients 
treated by primary percutaneous coronary revascularization.
Subjects and Methods
Study subjects
This prospective study enrolled consecutive patients admit-
ted with their first anterior AMI. Study inclusion criteria were: 
1) ST-elevation MI on electrocardiography (diagnosis based 
on standard criteria)
10); 2) successful primary PCI, defined as 
residual stenosis <30% and thrombolysis in myocardial infarc-
tion (TIMI) flow grade >2, using a single stent in the left anteri-
or descending coronary artery (LAD), and performed within 
12 hours from the onset of symptoms or between 12 and 24 
hours for persistent chest pain; 3) no significant stenosis of oth-
er coronary arteries (<50% stenosis); 4) presence of akinetic 
walls with more than 2 contiguous segments in 1 wall supplied 
by the LAD and normal remote walls on conventional 2-di-
mensional echocardiography on the day of the study.
Patients with significant arrhythmias, valvular heart disease, 
or cardiogenic shock were not included. Informed consent was 
obtained from every patient before cardiac catheterization.
Study protocol
Conventional 2-dimensional Doppler echocardiography 
(2DE) and 2DS imaging were performed during the 3-5 day 
period after primary PCI. An intracoronary Doppler study to 
determine blood flow velocities and CFR was also obtained on 
the same day. A follow-up 2DE was performed 6 months after 
primary PCI.
Standard echocardiographic study
A commercially available echocardiography system (Vivid 
7; GE Medical Systems, Horten, Norway) with a 3.5 MHz pha-
sed-array transducer was used for both conventional 2DE 
and 2DS imaging. LV volume and ejection fraction were cal-
culated from the apical 4- and 2-chamber views using the 
biplane Simpson’s method. Mitral inflow during diastole was 
obtained by pulsed-wave Doppler echocardiography with 
the sample volume placed between mitral leaflet tips and mi-
tral annulus velocities were obtained from the septal annulus 
by tissue Doppler imaging. LV regional wall motion was asse-
ssed by 2DE and the wall motion score index (WMSI) was cal-
culated and scored according to the American Society of Echo-
cardiography 16-segment model
11) as follows: 1=normal, 2= 
hypokinesia, 3=akinesia, 4=dyskinesia. Nine of 16 LV wall 
segments were assumed to be supplied by the LAD and includ-
ed the entire anterior wall, the apical segment of the inferior 
wall, basal and midsegments of the anteroseptum, apical and 
midsegments of the septum and the apical segment of the lat-
eral wall. The A-WMSI was defined as a WMSI of the 9 seg-
ments supplied by the LAD. Recovery was considered to be func-
tional on the 6-month follow-up 2DE if the patient’s wall mo-
tion improved in at least 2 contiguous dysfunctional segments 
by >1 grade. Echocardiographic parameters, including LV ejec-
tion fraction and regional WMSs were measured by 2 inde-
pendent observers who were blinded to the results of CFR and 
strain measurements. All parameters were measured 3 times 
and mean values were calculated.
2-dimensional speckle tracking imaging
Second-harmonic B-mode images of apical 4-chamber, 2- 
chamber and long-axis LV views were obtained and digitally 
stored in cineloop format for offline analysis. Three cardiac cy-
cles were stored during breath-hold. Grayscale images were ob-
tained at 69±10 frames per second. All recordings were stored 
digitally. Echocardiographic recordings were analyzed using 
dedicated software (EchoPAC-PC version 10.0; GE Medical 
Systems). 2DS software identified the endocardial border, and 
myocardial motion was automatically tracked in each imaging 
view. Segmental longitudinal strain was automatically calcu-
lated as the mean strain within each segment. In segments with 
poor tracking, the observer readjusted the endocardial trace 
line until a better tracking score was achieved. If this was not 
possible, the segment was excluded. An 18-segment LV mod-
el was automatically obtained from the apical 4-chamber, 
2-chamber and long-axis views in off-line analysis. Peak sys-
tolic strain was defined as the peak negative strain value dur-
ing systole. End of systole was defined as aortic valve closure 
in the apical long-axis view and peak negative strain was the 
maximum negative strain value during systole (Fig. 1). Eleven 
of the 18 segments were assumed to be supplied by the LAD, 
and A-strain was defined as the mean systolic longitudinal 
strain calculated from the measured segments supplied by 
the LAD. Mean peak systolic longitudinal strain values from 18 
apical segments were calculated to determine LV global strain. 
All parameters were determined from 3 consecutive beats to 
minimize measurement variability. Cardiac cycles with extra-
systolic beats, postextrasystolic beats, or any disturbance of 
rhythm were excluded.
Intracoronary flow measurements
Intracoronary flows were measured using a 0.014 inch Dop-Seong-Mi Park, et al.   641
pler probe-tipped guide wire (12 MHz, FloWire; Cardiomet-
rics Inc., Mountain View, CA, USA) in the infarct-affected co-
ronary artery, with the tip at the distal extremity of the stent.
12) 
Average peak velocities were measured at baseline and after 
intracoronary administration of adenosine (12-18 mg). CFR 
was obtained from the ratio of baseline velocity to hyperemic 
average peak velocity (Fig. 2). All measurements were repeat-
ed 3 times and mean values were calculated. A cut-off value of 
2.0 was regarded as preserved CFR after primary PCI, based 
on previous our study.
13)
Statistics
Data are presented as mean±standard deviation. Compari-
sons of continuous variables between groups were tested using 
the Wilcoxon signed rank test. Categorical data were compared 
by chi-square analysis. Relationships between different param-
eters were assessed by correlation analysis (Spearman method). 
To analyze independent predictors of myocardial functional 
recovery, univariate factors with p<0.1 were analyzed by for-
ward stepwise logistic regression (multivariate analysis). All 
analyses were performed using commercially-available statis-
tical software {Statistical Package for the Social Sciences (SPSS), 
version 13.0; SPSS Inc., Chicago, IL, USA}. A p less than 0.05 
was considered to indicate statistical significance.
Results
Baseline patient characteristics
Twenty-three consecutive patients were enrolled and 20 pa-
tients (17 men and 3 women; mean age, 59±13 years) complet-
ed this study. 
One patient did not return for follow-up 2DE and 2 pa-
tients did not have eligible 2DS images for the analysis. Pri-
mary PCI with stenting was successfully performed and TIMI 
>2 reflow was seen in all patients. 
Relationship between coronary flow reserve and
 myocardial strain
Of 20 patients, 8 patients had preserved CFR (>2.0) and 12 
patients had impaired CFR (≤2.0). Creatine kinase (CK)-MB 
was higher in patients with impaired CFR than in patients with 
preserved CFR (Table 1). There were no significant differenc-
es seen between the 2 groups (impaired versus preserved CFR) 
in LV ejection fractions, A-WMSIs and other echocardiogra-
phic parameters (Table 2). However, A-strain was greater in pa-
tients with preserved than in patients with impaired CFR (-6.4 
±2.0% vs. -4.6±1.4%, p=0.03). A-strain and CFR were corre-
lated with each other (r=-0.49, p=0.03) (Fig. 3), but neither cor-
related with baseline A-WMSI (r=-0.01, p=0.97, and r=-0.16, 
p=0.49, respectively).
Table 1. Baseline clinical characteristics in patients with preserved 
and impaired CFR
Preserved CFR
(n=8)
Impaired CFR
(n=12)
p
Age (years) 58±9 59±15 0.88
Male sex (%) 7 (87.5) 10 (83.3)0 0.81
Pain to reperfusion time 
  (min)
0356±191 349±233 0.94
Peak CK-MB (ng/mL) 164±81 270±145 0.05
Q wave infarction (%) 1 (12.5) 4 (33.3) 0.32
Culprit lesion of LAD 
  (proximal/mid)
4/4 4/8 0.49
Stent length (mm) 26±7 28±40 0.50
Hypertension (%) 3 (37.5) 6 (50.0) 0.61
Diabetes mellitus (%) 4 (50.0) 5 (41.7) 0.73
Hyperlipidemia (%) 4 (50.0) 6 (50.0) 1.00
Smoking (%) 4 (50.0) 5 (41.7) 0.73
CFR: coronary flow reserve, LAD: left anterior descending coronary 
artery, CK-MB: creatine kinase MB
Fig. 1. Measurement of myocardial strain from apical 4- and 2-chamber and apical long axis views by 2-dimensional speckle tracking imaging.
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Fig. 2. Intracoronary flow measurement of coronary blood flow ve-
locity and coronary flow reserve (CFR). APV: average peak flow ve-
locity, S: systolic, D: diastolic.642   Myocardial Strain and Coronary Flow Reserve
Prediction of myocardial functional recovery
Ten of 20 patients showed functional recovery at 6 months. 
In patients with recovery, LV end diastolic and systolic volumes 
were decreased (65.5±10.8 mL/m
2 to 59.9±10.3 mL/m
2, p= 
0.05 and 41.0±12.8 mL/m
2 to 30.0±8.2 mL/m
2, p=0.01, respec-
tively) and LV ejection fraction was increased (38.8±10.4% to 
55.9±10.3%, p<0.001). A-WMSI (2.44±0.38 to 1.76±0.40, p< 
0.001) and A-strain (-6.5±2.3% to -12.4±2.6%, p<0.001) were 
also improved. However, in patients with no recovery, LV end 
diastolic and systolic volumes were increased (56.8±12.2 mL/m
2 
to 68.7±15.6 mL/m
2, p=0.05 and 35.2±9.8 mL/m
2 to 41.0± 
14.6 mL/m
2, p=0.05, respectively) and LV ejection fraction 
was not improved (38.0±9.1% to 39.0±10.8%, p=0.74). A-
WMSI (2.54±0.30% to 2.55±0.28%, p=0.86) and A-strain (-5.5± 
2.0% to -6.6±3.3%, p=0.21) were also not improved.
CFR was higher in the 10 patients with recovery than in the 
10 patients with no recovery (2.0±0.5 vs. 1.6±0.3, respective-
ly, p=0.04). Of the clinical and echocardiographic parameters, 
the univariate predictors of myocardial functional recovery af-
ter AMI were CK-MB (p=0.02), early diastolic mitral velocity 
deceleration time (p=0.03) and A-strain (p=0.02). By multi-
variate analysis, A-strain remained the only predictor of myo-
cardial functional recovery as determined by 6-month follow-
up echocardiography (odds ratio 2.02, 95% confidence interval 
1.03 to 3.97) (p=0.04). Based on receiver operating characteris-
tic curve analysis,
14) the sensitivity and specificity for predict-
ing myocardial recovery were 80.0% and 80.0%, respectively, 
for CFR (cutoff=1.60), and 60.0% and 90%, respectively, for 
A-strain (cutoff=-6.13%).
Reproducibility
Inter- and intraobserver reproducibilities of A-strain mea-
surements were obtained for analysis by Bland-Altman meth-
ods from 10 randomly chosen patients.
15) The inter- and intrao-
bserver variabilities were 3.9% and 2.2%, respectively.
Discussion
We investigated the relationship between myocardial strain 
and CFR 3-5 days after successful primary PCI for anterior 
AMI. Myocardial strain measured by 2DS imaging correlated 
well with CFR determined by intracoronary measurement and 
can be used noninvasively to predict myocardial functional 
recovery.
Extensive transmural scarring is a poor prognostic marker, 
and a region with extensive transmural scarring is unlikely to 
show improvement in function after revascularization. How-
ever, subendocardial infarcts or stunned myocardium may 
show improved function after revascularization.
Even if the recovery of contractile function is not observed 
soon after reperfusion, the presence of viable myocardium 
in the outer layers of the ventricular wall may contribute to pre-
venting infarct expansion and LV remodeling.
16) LV remodel-
ing after AMI is associated with the development of heart fail-
ure and mortality.
17)18) Therefore, assessment after AMI to de-
termine whether there are optimal microvascular flow, tissue 
perfusion and sufficient contractile performance in the dys-
functional myocardial segment is important.
Recently-developed 2DS imaging is based on tracking ul-
trasonic speckles from 2-dimensional echocardiographic im-
ages. Reflected ultrasound from tissue is the result of interfer-
ence by numerous reflected wavelets from an inhomogeneous 
medium. The interference pattern (resulting in bright and dark 
pixels in a B-mode image) remains relatively constant for any 
small region in the myocardium. This unique pattern (finger-
Table 2. Baseline echocardiographic findings in patients with pre-
served and impaired CFR
Preserved CFR
(n=8)
Impaired CFR
(n=12)
p
LVEDV index (mL/m
2) 61.3±10.7 61.1±17.7 0.97
LVESV index (mL/m
2) 34.7±6.50 39.3±16.9 0.32
LVEF (%) 43.0±6.50 37.9±8.50 0.11
LAV index (mL/m
2) 31.5±14.0 29.3±7.00 0.97
WMSI 1.77±0.23 1.92±0.27 0.18
A-WMSI 2.42±0.25 2.54±0.39 0.39
E velocity (cm/s) 63.0±24.5 60.9±19.6 0.84
Deceleration time of E (ms) 194±460 182±350 0.52
e’ velocity (cm/s) 5.4±1.7 4.4±1.3 0.20
E/e’ 12.1±4.40 13.9±3.10 0.32
LV global strain (%) -10.3±3.500 -7.8±2.70 0.12
A-strain (%) -6.4±2.00 -4.6±1.40 0.03
CFR: coronary flow reserve, LVEDV and LVESV: left ventricular 
end diastolic and systolic volume, LVEF: left ventricular ejection 
fraction, LAV: left atrial volume, A-WMSI: wall motion score in-
dex (WMSI) in the segments supplied by the left anterior descend-
ing coronary artery (LAD), E velocity: early diastolic mitral inflow 
velocity, e’ velocity: early diastolic mitral annular velocity, A-strain: 
mean strain in the segments supplied by the LAD
Fig. 3. Correlation between coronary flow reserve (CFR) and A-strain.
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print) is called “speckle”. Speckles are followed over a num-
ber of successive frames and myocardial velocity is calculat-
ed by measuring frame-to-frame changes. The technique is 
angle-independent, as it is based on the displacement of speck-
les, defined in respect to the wall. Therefore, 2DS imaging en-
ables quantification of regional myocardial function without 
tethering effects and with high temporal resolution by semi-
automated processing.
19) Several studies have examined the 
utility of strain imaging for assessment of myocardial viability 
and compared its accuracy with that of cardiac magnetic res-
onance imaging or dobutamine echocardiogram.
20-22) These 
studies demonstrated that there is a gradual decrease in strain 
with increasing transmurality of chronic myocardial infarction 
and ischemia. In AMI, longitudinal strain measured immedi-
ately after reperfusion with PCI has been shown to predict in-
farct size, LV remodeling and adverse events.
8)9)
Microvascular injury is associated with greater infarct size 
and poorer myocardial function
23-25) and the evaluation of mi-
crovascular function by CFR can assess myocardial viability.
4)5) 
To assess microvascular dysfunction without the effects of no 
reflow, which has been reported to increase in the first 48 hours 
after reperfusion,
23)26) we measured coronary blood flow veloc-
ities and CFR at least 3 days after primary PCI. An experimen-
tal study using cardiac magnetic resonance imaging demon-
strated that the infarcted myocardium 48 hours after reperfusion 
had reduced systolic myocardial strain in regions of microvas-
cular obstruction, compared to infarcts with patent microvascu-
lature;
27) and Rosen et al.
28) showed that a lower myocardial flow 
reserve is related to reduced regional myocardial strain in as-
ymptomatic individuals.
In our study, dysfunctional myocardium after AMI showed 
higher CFR, suggesting less impaired microvascular function 
and had less impaired myocardial strain, suggesting better 
myocardial deformation function. Therefore, myocardial st-
rain can be used as a noninvasive method to predict myocar-
dial functional recovery after AMI.
Clinical implications
It is clinically important to predict myocardial functional re-
covery for further treatment and prognosis in AMI patients. 
Myocardial damage and microvascular dysfunction in AMI 
can be demonstrated quantitatively and noninvasively by ob-
servation of impaired myocardial deformation in the clinical 
setting using simple 2DS imaging, which could also be very 
helpful in assessing myocardial functional recovery at the 
bedside after acute coronary reperfusion.
Study limitations
First, the study population was small and this method was 
only applied to the LAD in patients with anterior AMI. Sec-
ond, we obtained coronary blood flow velocities and CFR by 
intracoronary measurements. Although coronary flow veloc-
ity data can be obtained by transthoracic 2DE, it is known that 
in some patients there are difficulties in obtaining adequate 
spectral Doppler recordings of coronary flow for coronary flow 
velocity analysis. We were able to confirm stent patency, in ad-
dition to obtaining direct measurements of coronary blood flow 
velocities by use of intracoronary Doppler-tipped guide wires. 
Third, we only considered hypokinetic or normally-contract-
ing segments as functional recovery by visual assessment at 
follow-up because improvement in wall motion is clinically im-
portant. 
However, better quantitative methods, such as single pho-
ton emission computed tomography or dobutamine stress ec-
hocardiography may be considered to provide a more accurate 
evaluation of viable myocardium. Fourth, we only assessed lon-
gitudinal strain, which is considered to be the primary cardi-
ac motion, but radial, circumferential, and rotational motion 
may provide additional information about functional recov-
ery. And finally, we did not assess clinical events, because none 
of the patients developed heart failure, died, or were readmit-
ted during the 6-month follow up.
Conclusion
After reperfused AMI, myocardial strain measured by 2DS 
imaging correlates well with the extent of microvascular integ-
rity reflected in the CFR and can be used as a noninvasive me-
thod for predicting myocardial functional recovery after AMI.
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